Received for publication March 15, 1971. This paper describes the frictional behavior of natural fluorapatite single crystals under sliding and attempts to correlate this behavior with wear data reported in part one of this investigation.5 Specifically, the variables friction force and coefficient of friction are examined.
tite single crystals under sliding was evaluated. Strain rate did not influence the coefficient of friction. Low and high regimes of friction were related to the amount of penetration; higher values of friction were associated with deeper penetration.
It is a convenient approximation to regard the frictional forces between two solids as made up of two components: the force required to shear adhering junctions in the region of surface contact and the force required to deform the underlying bulk material.' With an elastic solid, the deformation component may be due mainly to an elastic hysteresis loss; but if plastic flow occurs, the deformation component will represent the force required to produce bulk deformation or to drag surface irregularities through the solid and to plow out a track. 2 Although the coefficient of friction is not necessarily indicative of wear phenomena, it is traditional to attempt to correlate it with wear data. Steijn,3 in his examination of polycrystalline and single crystal copper, observed that the plowing component of friction was increased by indentors of smaller diameter and by higher loads for a given indentor. Bowden and Brookes4 reported for MgO single crystals that depth of penetration (from static indentation tests) was related directly to the magnitude of the coefficient of friction, with deeper penetration correlating with higher friction. Both low and high friction regimes were observed depending on the load and slider design used. This paper describes the frictional behavior of natural fluorapatite single crystals under sliding and attempts to correlate this behavior with wear data reported in part one of this investigation.5 Specifically, the variables friction force and coefficient of friction are examined.
Materials and Methods
Diamond sliders of known geometry were slid across the basal surfaces of natural fluorapatite single crystals in a dry environment. Measurements were made based on a series of three, one-traversal passes on each of two crystals for a given condition.
The effect of crystallographic direction on frictional properties was not examined in this initial study.
Two dependent variables (friction force and coefficient of friction) were evaluated with respect to four factors (specimen, slider speed, load, and slider design) by means of a factorial design with replications. Analysis of variance6 and multiple comparisons7 were used to estimate the effects of factors and their interactions. Factors examined in this experimental design are shown in Table 1 .
Fluorapatite single crystals* were polished and given a surface treatment as described in part one of this investigation.5 The apparatus used for scratching the surface of a specimen and measuring the friction force consisted of mechanisms that can be categorized as follows: surface grinder, loading jig, friction transducer, diamond sliders, and sample holder. With the exception of the friction transducer and its accompanying circuitry, these mechanisms have been described in detail.5 A soft brass bar was machined with parallel flats on two opposite sides to accept four, 500 ohm strain gaugest to form a full- Figures 1 and 2 , respectively.
The value of the friction force recorded for a run was that value most representative of the force-time curve for the given con- 
Results
The effects of specimen, slider speed, load, and slider design on the variable, friction force, were evaluated by means of analysis of variance and multiple comparisons. The effect of specimen and slider speed on the friction force was found not to be significant, whereas the effects of load and slider design were significant. Yet, on comparison of the force data with the corresponding coefficient of friction data, the coefficient of friction was probably more reliable in discriminating among differences. For this reason the friction force data will not be discussed, although ranking of this data with respect to constant load and constant slider design are presented in Tables 2 and 3 , respectively, for informational purposes.
The effect of specimen on the coefficient of friction was examined at two levels (two crystals) for five slider designs and five loads with three replications per cell. Unless otherwise indicated, the factorial designs analyzed will have in common a slider speed of 0.025 cm/second and six replications per cell. The null hypothesis (H0) that there were no differences between the effects at two levels of specimen was evaluated.
The main effect of crystals on the coefficient of friction was not significant (F = 0.01 < F(1,60) = 4.00) at the 0.05 level. It was deduced that there were no differences between two levels of specimen, ie, H0 was accepted; consequently, the data from three replications for the analysis of load and slider design factors were used. The coeffi- cient of variation for the data before being combined was 7.5%. The first and second order interactions were not significant (p < 0.05).
The effect of slider speed on the coefficient of friction was examined at two levels (0.025 and 0.076 cm/second) for five slider designs at a 500 gm load. The main effect of speed was not significant (F = 0.02 < F(1,40) = 4.08). Likewise, the first order interaction was not significant at the 0.05 level. The data for the two speeds, therefore, were combined to yield 12 replications per cell for subsequent analysis of slider design. The coefficient of variation for the aforementioned data (six replications) was 7.7%. By combining the data for the two levels of speed, this value decreased to 5.2%.
The main effect of load on the coefficient of friction was significant (F = 65.2 > F(3 60) = 6.17) at the 0.001 level. Higher loads resulted in higher values of the coefficient of friction. The first order interaction was significant, indicating that load and slider design were not independent. The coefficient of variation for this data was 5.0%.
The loads were ranked with respect to constant slider design as shown in Table 4 . The values for the 500 gm load are included for comparison, but were not ranked statistically. With the exception of slider design B3, there was no significant difference (p < 0.05) observed between the 10 and 25 gm loads. Little distinction could be made among any of the loads for slider designs B1 and B2. Values for the 500 gm load probably were equal to those for the 100 gm level for designs B3 through B5.
The effect of slider design on the coefficient of friction was examined at five levels The designs were ranked with respect to constant load for the coefficient of friction as shown in Table 5 . The values for the 500 gm load are included and were ranked based on the data obtained from the slider speed analysis. The means for slider designs B3 through B5 were significant statistically (p < 0.05) at loads of 100 and 500 gm, and were ranked in order of decreasing conical angle; the sharper angle was of higher magnitude. With the exception of the 50 and 500 gm loads, no significant difference (p < 0.05) was observed between designs B, and B2. In general, the larger diameter slider designs had lower values of the coefficient of friction.
Discussion
It was assumed that the effect of crystallographic direction on frictional properties was less important than other factors. The low F values found when comparisons of two crystals with three replications (of arbitrary sliding direction) were made imply that this assumption was valid for the friction force and coefficient of friction. Although Bowden The purpose of the polishing and surface treatment procedure5 was to standardize the crystals, since it is well established that frictional behavior responds to environmental and polishing effects.3"10 The data reported herein may be considered valid only for the particular surface condition produced, although trends may be predictable.
In contrast to those variables related to the quantitative measure of wear,5 no strain rate effect was observed for friction. No effect on friction would be predicted if indeed friction were related more to the initiation of cracks rather than to their propagation over the range of speeds studied. This suggests that the strain rate effect observed for the wear variables is the result of the propagation of surface and subsurface cracks. As Trends observed from these data were related to trends observed from quantitative wear data.
The coefficient of friction data were more reliable in discriminating among differences in load and slider design than the friction force data.
No strain rate effect was observed for the coefficient of friction under the conditions examined. This suggested that friction was J Dent Res March-April 1972 more related to crack initiation, whereas the variables measuring wear were more related to crack propagation.
Low values of friction (f =0.20) were observed with low values of penetration (< 0.65 [tm) . This suggested that friction under these conditions was composed of an adhesive component and a deformation component. Plastic deformation probably was the primary mechanism of strain energy release under these conditions, although some cracking indicated that a cleavage mechanism was initiated.
High values of friction (T= 0.45) were observed with high values of penetration (1.0 to 25 ptm). Under these conditions cleavage and chevron formation were suggested as the major mechanisms of strain energy release.
